The role of gluons in the structure of the nucleon and light nuclei is investigated using lattice quantum chromodynamics (QCD) calculations. The first moment of the unpolarised gluon distribution is studied in nuclei up to atomic number A = 3 at quark masses corresponding to pion masses of m π ∼ 450 and 806 MeV. Nuclear modification of this quantity defines a gluonic analogue of the EMC effect and is constrained to be less than ∼ 10% in these nuclei. This is consistent with expectations from phenomenological quark distributions and the momentum sum rule. In the deuteron, the combination of gluon distributions corresponding to the b 1 structure function is found to have a small first moment compared with the corresponding momentum fraction. The first moment of the gluon transversity structure function is also investigated in the spin-1 deuteron, where a non-zero signal is observed at m π ∼ 806 MeV. This is the first indication of gluon contributions to nuclear structure that can not be associated with an individual nucleon.
I. INTRODUCTION
The elucidation of the internal structure of hadrons and nuclei has been a defining focus of nuclear physics research for many decades. The pursuit of this goal has led to the construction of successful models of nuclei, the discovery of the quark substructure of the proton, and eventually the discovery of QCD as the theory of interacting quarks and gluons that are the constituents of protons, neutrons, and nuclei. Experiments using electroweak probes have revealed detailed information about the quark structure of nucleons and nuclei. For example, the electromagnetic form factors are precisely determined, and the axial form factors are also constrained. The leading-twist quark distribution functions (PDFs) are known over significant kinematic ranges from deep-inelastic scattering (DIS) experiments, and generalised parton distributions (GPDs) and transverse momentum dependent quark distributions (TMDs) are under active study at JLab [1] [2] [3] , COMPASS [4] and RHIC [5] . In addition, there is conclusive evidence that the quark distributions in nuclei are not simply determined by the sum of the quark distributions of the constituent nucleons, a feature known as the EMC effect [6] [7] [8] [9] [10] [11] [12] . In contrast, knowledge of gluon distributions within hadrons and nuclei is sparse, as such quantities are only accessible through less precise means such as scaling violations in DIS and heavy vector meson production. While the unpolarised gluon distribution is reasonably well known for the proton, particularly at small Bjorken x, its uncertainty still limits the precision of theoretical predictions for Higgs production at the Large Hadron Collider [13] and little is known as to how this distribution is modified in nuclei. The gluon helicity is less constrained [14, 15] , and the gluonic transversity [16] (which exists for spin J ≥ 1 hadrons) has not yet been investigated experimentally. This latter quantity is also a leading-twist distribution and is uniquely gluonic as it does not mix with quark operators at leading twist [16, 17] . Attendant to the quark GPDs and TMDs are a similar set of gluon GPDs [18] [19] [20] and TMDs [21] . These quantities have not yet been investigated experimentally but are necessary components of a complete picture of the partonic structure of hadrons and nuclei.
One of the primary goals of the planned Electron-Ion Collider (EIC) [22, 23] is to measure gluonic aspects of the structure of nucleons and nuclei. Key quantities driving ongoing discussions of machine design are the gluon density and helicity distribution functions [24] [25] [26] [27] and new possibilities of probing 'exotic gluons' [16] in nuclei (gluons not associated with a single nucleon) are being considered [28] . The measurements that will eventually be obtained from an EIC will represent significant progress in understanding partonic structure [29] . Avenues that provide complimentary information in mapping out the QCD structure of hadrons and nuclei, and that inform the design and planning of the EIC, are important to pursue. One such approach is lattice QCD (LQCD), which provides a non-perturbative method of calculating the hadronic physics that arises from QCD. As well as moments of collinear gluon distributions, LQCD studies can determine moments of gluon GPDs that are complementary to experimental scans of GPDs over limited kinematics. Recent progress in LQCD methods to study quark TMDs [30, 31] and the x-dependence of quasidistributions [32] [33] [34] [35] [36] [37] can be extended to the corresponding gluonic cases to provide important non-perturbative insight into these quantities.
In this work, the gluonic structure of light nuclei is investigated for the first time. The first moments of the unpolarised gluon densities in spin-averaged nuclei (the gluon momentum fractions) and of the gluon transversity are studied in nuclear states of atomic number A ≤ 3 at two different sets of quark masses corresponding to pion masses of m π ∼ 450 and 806 MeV. Clean signals are seen for the gluon momentum fraction at both sets of quark masses, while no signal is observed for the first moment of the difference between the unpolarised gluon PDF in the j z = ±1 and j z = 0 deuteron (the combination entering the b 1 (x) structure function [38] ). The gluonic transversity of the deuteron at m π ∼ 806 MeV is resolved from zero at the level of three standard deviations. This latter result is the first indication of non-nucleonic 'exotic gluon' contributions to nuclear structure. This study shows that these quantities can be accessed in LQCD, and includes estimates of the computational requirements to perform calculations that more directly impact phenomenology by resolving a gluonic analogue of the EMC effect and the first moment of the gluon transversity at lighter values of the quark masses. These estimates also set the scale required for future investigations of more complicated aspects of gluonic structure including higher moments of PDFs, GPDS and TMDs.
II. GLUONIC STRUCTURE OF LIGHT NUCLEI
LQCD calculations of gluonic observables have been performed for only the simplest cases. There have been studies of the pion [39] and nucleon [40, 41] gluon momentum fractions and the gluon contributions to the nucleon mass and spin [41] [42] [43] , as well as the generalised form factors corresponding to the momentum fraction and first moment of the transversity distribution of the φ meson [44, 45] . In this work, these studies are extended to light nuclei for the first time.
The dominant aspects of partonic structure of hadrons and nuclei are determined by the leading twist (twist-2) quark and gluon parton distributions (including collinear, transverse and generalised parton distributions). Moments of the gluon distributions are determined by matrix elements of local gluonic operators, namely
corresponding to the unpolarised, helicity and transversity distributions, respectively. Here G µν is the field strength tensor andG µν = 1 2 µναβ G αβ is its dual,
symmetrisation in the indices µ i and subtraction of traces in all indices 1 , and µ is the factorization and renormalisation scale. The operators with the fewest derivatives are expected to be the most well-determined in LQCD calculations and are the focus of this work. For n = 2, the unpolarised operator corresponds to the traceless part of the energy momentum tensor and its matrix elements encode the lightcone momentum fraction carried by gluons in the corresponding hadron or nucleus.
The transversity operators require a double helicity flip and their forward limit matrix elements vanish in targets of spin J < 1 [16] , although they have non-zero off-forward matrix elements in targets of any spin [17, 46] . The light nuclei investigated in this study are the deuteron (d), the dinucleon (nn), and 3 He, or equivalently the triton ( 3 H), with spins J = 1, 0, 1 2 (note that at the unphysically large quark masses used here, the dinucleon is a bound state [47, 48] ). In this work, only the forward limit matrix elements of the lowest (n=2) spin-independent and transversity operators defined in the towers of Eqs. (1) and (3) are computed (matrix elements of the n = 2 gluonic helicity operator of Eq. (2) vanish by operator symmetries). The relevant decompositions of the forward nuclear matrix elements are as follows: For spin-zero nuclei,
h; p|O ν 1 ν 2 µ 1 µ 2 |h; p = 0.
For spin-half nuclei,
h; p, s|O ν 1 ν 2 µ 1 µ 2 |h; p, s = 0.
For spin-one nuclei [16, 44, 49] ,
where the tensor structure multiplying c (h) 2 transforms as J = 2 under spatial rotations and vanishes when averaged over polarisation states. In each case, h labels the state, m h is its mass, s denotes the spin of a J = 1 2 particle, and µ represents the dimensionless polarisation vector of a J = 1 particle 2 . As above, 'S' denotes symmetrisation in the indices µ i and and trace-subtraction in all 1 Here, the normalisation convention of the symmetrisation and trace subtraction is S[AµBν ] = 
2 , which correspond to the n = 2 Mellin moments of the relevant gluon distributions at scale µ, are dimensionless.
III. LATTICE QCD DETAILS
The present work is based on ensembles of gauge field configurations that have been used extensively in studies of the properties and interactions of light nuclei. The salient details for this study are summarised here; more complete discussions appear in Refs. [47, 48] . Two ensembles of gauge field configurations with different quark masses are used. In both cases the strange quark mass is close to its physical value and the light quark masses are chosen such that m π ∼ 450 MeV (Ensemble A) and m π ∼ 806 MeV (Ensemble B). Note that the configurations used here are a subset of those used in previous works [47, 48] . Each ensemble is generated using the Lüscher-Weisz tadpole-improved gauge action [50] with one level of stout smearing [51] and N f = 2 + 1 flavours of clover fermions [52] . The spatial and temporal lattice dimensions, (L, T ), are (32, 96) for Ensemble A and (32, 48) for Ensemble B. The lattice spacings and other details of the ensembles are shown in Table I . The two-point correlation functions
were constructed for the nuclear states h = N , nn, d, and additionally for 3 He for Ensemble B, for all possible spin states and with p = 0. Here χ h is an appropriate interpolating operator for the state h. The interpolating operators used in the numerical work are those constructed in Ref. [53] , restricted to those containing only upper-spin components (in the Dirac spinor basis). In practice, correlation functions are built using baryon blocks [54] , projected to well-defined momenta at the sink, as an intermediate step. These blocks take the form
where of gauge-invariant Gaussian smearing with parameter ρ = 3.5 with stout-smeared gauge links, and have either a point (SP) sink, or a sink smeared using the same parameters as the source (SS). For states with A > 1, correlation functions projected to momenta p = (0, 0, ±1) (in lattice units) were also constructed, and for Ensemble A, momenta p = (0, 0, ±2) were also used. Effective mass ratios formed from the two point correlation functions for each state are shown in Fig. 1 for Ensemble A and in Fig. 2 for Ensemble B. The masses of all states determined using two-exponential fits to the correlation functions are in agreement with those found previously in higher-statistics calculations using the same ensembles in Refs. [47, 48] . Moreover, the energy gaps between ground and first excited states extracted from the fits to data with SS and SP source-sink smearing combinations are entirely consistent for each nuclear state. The downward fluctuation of the correlation function at timeslices t ≥ 15 for the nn state at 450 MeV that is evident in Fig. 2 was less pronounced in earlier higher-statistics calculations on the same ensemble [47] . Refs. [55, 56] detail an extensive set of checks performed to verify that each extracted energy level corresponds to a bound ground state.
B. Operators
Three-point correlation functions are constructed by correlating the two-point functions discussed in the previous section with the relevant gluonic operators. The construction of these operators, and operator mixing considerations, are detailed below. 
Spin-independent gluon operators
The operator related to the spin-independent gluon distributions, Eq. (1), can be represented in discrete Euclidean space as
where the Euclidean-space field-strength tensor is related component-wise to the Minkowski definition by
Components of this operator are computed numerically using the clover field-strength tensor
derived from the combination of plaquettes
with U µ (x) being the gauge field link in direction µ, originating at site x. Calculations of the gluon operators are performed with gradient flow [57] applied to the links in order to reduce statistical fluctuations. The results shown in later sections use operators flowed to a total time of 1 in lattice units using an integration step size of 0.01. The effects of using different levels of HYP smearing [58] , as well as gradient flow, were investigated in a similar calculation of the gluonic structure of the φ meson [44] , with consistent results found for the different smearing implementations.
In the lattice geometry, operators are classified according to their transformations under the hypercubic group, H(4). Basis operators from two irreducible H(4) representations that subduce from the spin-independent gluon operator, Eq. (1), are considered here. These do not suffer from mixing with same or lower-dimensional operators induced by the breaking of the rotational symmetry. The construction of these operators is detailed in Refs. [44, 59] , and the same notation as in those works is used here. For the first representation considered, named τ (3) 1 , the basis vectors are chosen as:
For τ
the basis vectors that are used are:
While matrix elements constructed using operators in different representations may yield reduced matrix elements (i.e., a
in Eqs. (4)- (8)) that differ by lattice-spacing artefacts, all should give the same results in the continuum limit. Studying multiple irreducible representations of H(4) containing operators that have the same continuum limit gives some insight into the significance of such discretisation artefacts, while using multiple vectors from each irreducible basis allows averaging over correlation functions to reduce statistical fluctuations in the results.
Gluon transversity operators
The lowest moment of the gluon transversity distribution in a given hadron or nucleus is determined by the corresponding matrix element of the Euclidean-space operator
In this work, operators in a single irreducible representation are considered. Operators from other irreducible representations that do not mix with same or lower dimension operators have forward matrix elements that are statistically less-well determined, or vanish, for the boosts considered. The basis vectors in the τ
representation are 3 [59] :
These operators are constructed in the same way as detailed above for the spin-independent case.
3 Note that for the particular boosts considered here, forward matrix elements of O
1,2 vanish.
Mixing and Renormalisation
Matrix elements calculated in lattice QCD must be renormalised in order to correspond to welldefined quantities in the continuum limit. To make contact with phenomenological PDF parameterisations fit to experimental data, the MS renormalisation scheme is preferred. Ref. [60] showed that this renormalisation is less than a 10% effect for the spin-independent operator, matching to MS at µ 2 = 4 GeV 2 . The renormalisation has not been computed for the particular action used in the present calculation, but will cancel, up to small effects of mixing, in ratios of matrix elements of the gluon operators in light nuclei to the nucleon.
Precisely, the spin-independent gluonic operator with n = 2, Eq. (1), mixes with flavour-singlet quark operator Q (E)
, where lattice operators are denoted by the superscript (E), while renormalised Euclidean-space operators (in any particular scheme) carry the superscript 'ren'. It was shown in Ref. [60] , using a one-loop perturbative renormalisation procedure and a similar action to the one used here, that this mixing is a few-percent effect. Contamination in the ratio
is then suppressed both by the mixing, i.e., Z qg /Z gg ∼ O(α s ), and by the small difference between nuclear and nucleon matrix elements (the term in square brackets). These ratios are key quantities of interest in the present study, as deviations of their values from unity would reveal a gluonic analogue of the EMC effect.
In the transversity case, the relevant operator for n = 2, Eq. (3), does not mix with quarkbilinear operators of the same twist under renormalisation. This makes it a clean probe of gluonic structure, and the corresponding structure function is a key target of upcoming experimental investigations of the gluon structure of nuclei [28] .
C. Matrix elements
Three-point correlation functions are constructed by taking the correlated product, configuration-by-configuration and source-location-by-source-location, of the two-point functions with the gluonic operators constructed as described in the previous sections. For a given operator O, these can be expressed as:
where p labels the momentum of the state and the second term in Eq. (24) corresponds to the subtraction of disconnected contributions 4 . The energy of state h is denoted E h , and the energy gap to the first excited state is ∆ h . Here χ h is an appropriate interpolating operator for the state h, which additionally indexes the various polarisation and spin components of spin-1 or spin-1 2 states. The second line follows by inserting complete sets of states to make the time-dependence of the function explicit, and holds for 0 τ t T (where T denotes the time extent of the lattice). For the case 0 t τ T , t is replaced by (T − t) in the final line of the above expression and there is an additional multiplicative factor of (−1) n 4 , where n 4 is the number of temporal indices in the operator. Contributions from the first excited state, denoted by h , are made explicit, while the ellipsis corresponds to those from higher excitations (which are further exponentially suppressed), which are omitted.
The time-dependence of the two-point function in Eq. (10), for t T /2, is
where, again, exponentially-suppressed contributions from higher excited states are omitted. Forming a ratio of the three and two-point functions to cancel the leading exponential time dependence and Z h factors gives a quantity that reduces to the matrix element of interest plus exponentiallysuppressed contamination from excited states:
= p, h|O| p, h + Ae
for {t, τ } T /2, where the sign in the numerator on the right-hand side is +(−) for an even (odd) number of temporal indices in the operator O. In arriving at Eq. (28), the contributions of excited states have been assumed to be small, enabling expansion of the denominators in Eq. (27) .
IV. GLUON MOMENTUM FRACTIONS IN LIGHT NUCLEI
The fraction of longitudinal momentum carried by gluons inside a given hadronic state is determined by matrix elements of the n = 2 case of the spin-independent gluon operator O defined in Eq. (1). The reduced matrix elements b (h) 2 , defined in Eqs. (4), (6), (8) , correspond precisely to this momentum fraction, i.e., the x-weighted integral of the unpolarised gluon distribution in the unpolarised hadron. In the spin-1 deuteron, the reduced matrix element c (4)) corresponds to the first moment of the difference between the unpolarised gluon PDF in the j z = ±1 and j z = 0 deuteron states [38] .
The gluon momentum fractions in the nucleon and in light nuclei are determined from ratios R h of two and three-point correlation functions, constructed as described in Sec. III C. These ratios are first averaged over contributions from the different operators in the τ 2 , this averaging is performed including appropriate factors of momentum and mass through Eqs. (4), (6) and (8), and any contributions with statistical uncertainties greater than 1.5 times the best-determined contribution are omitted from the average.
The averaged ratios R h constructed in this way are fit using the exponential form in t and τ derived in Eq. (27) , which explicitly accounts for contributions from the first excited state in both the three and two-point functions (note that using the full two-state forms of Eqs. (10) and (24), rather than the expansion of Eq. (27), yields equivalent results). A systematic uncertainty, determined by considering the variation of the extracted results over all choices of fit range with
, is combined in quadrature with the statistical uncertainty of the best-fit result. Fits are constrained to begin no earlier in t or τ than the time at which the relevant two-point function is consistent with a two-exponential form indicating significant contributions from only a single excited state (note that this consistency condition implies a time window that can be longer than that used for the best fits shown in Section III A). The energy differences between the ground and first excited states which are determined in this way have much larger uncertainties, but are broadly consistent with, those obtained from the fits to the two-point functions. The fits used to extract the b , respectively. The momentum fractions extracted from these fits are entirely consistent with those determined using constant fits to the two-dimensional plateau regions of the ratios in the t-τ plane, but with smaller uncertainties because of the statistically more precise earlier times that can be included given the fit function accounting for excited states. Moreover, results obtained using operators from the τ The results, where SP and SS source-sink smearing combinations have been treated separately, are summarised in Figs. 5 and 6, which shows the ratios of the gluon momentum fraction in the different light nuclei to that in the nucleon, for both Ensemble A and Ensemble B. As discussed in Sec. III B 3, the multiplicative renormalisation factors, which have not been calculated, cancel in these ratios. The effects of mixing with the isoscalar quark distributions are expected to be much smaller than the statistical uncertainties and give a negligible contribution to the uncertainties. The resulting gluon momentum fractions of the light nuclei studied here are consistent with the gluon momentum fraction of the nucleon. For the d and nn states, this agreement is at the level of one standard deviation. The momentum fraction of 3 He for Ensemble B (with m π ∼ 806 MeV), is consistent with that of the nucleon within two standard deviations. An EMC effect in the gluon momentum fractions is thus found to be < 10% in the A = 2 states at both unphysical sets of quark masses studied, and < 25% in the A = 3 state for m π ∼ 806 MeV. Correlated differences of ratios do not provide more precise constraints than separate fits, as can be seen by comparing Figs. 5 and 6 .
The calculations presented here use larger-than-physical values of the quark masses, where a gluonic analogue of the EMC effect is likely different from that in nature. Nevertheless, the results are consistent with expectations for the magnitude of such an effect in the gluon momentum fractions determined from phenomenological parameterisations of the quark and gluon distributions. In most cases, such parameterisations assume no nuclear effects in the deuteron. The difference between the gluon momentum fraction in 3 He and the nucleon is poorly constrained, but is typically a positive shift of less than 5% (e.g., using the CT14NNLO proton PDF [61] and the EPSS16 [62] nuclear PDF sets). As momentum is conserved, the difference between the quark momentum fractions in nuclei and in the proton also bounds the gluon EMC effect. This quantity is similarly typically less than 5% for light nuclei in various PDF parameterisations [61] [62] [63] . The requirements for a future calculation to resolve a percent-level EMC effect as suggested by phenomenology can be estimated from the present calculations. The scaling of the uncertainties of the correlation functions with statistics is shown in Fig. 7 for Ensemble A, which has the lighter pion mass of the two ensembles considered. Within uncertainties, no deviation from √ N statistical scaling is seen with either the number of configurations used or the number of sources used for propagator inversions on each configuration. Given this scaling behaviour, if the EMC effect with m π ∼ 450 MeV is of the same magnitude as the expectation from phenomenology, an order of magnitude more statistics than used in the present work will be required to cleanly resolve this effect. This would correspond to a few-percent determination of the proton and nuclear momentum fractions at this value of the pion masses. It is possible that higher moments of the gluonic PDFs of nuclei, which are not subject to momentum conservation constraints, may have larger deviations from the nucleon moments. Since these correspond to gluon operators with additional derivatives they are statistically more difficult to resolve and no statistically significant signal was found on the ensembles studied in this work. For the deuteron, the unpolarised gluon PDFs in the j z = ±1 and j z = 0 spin states are not necessarily the same, and the first Mellin moment of the difference is determined by c 2 is not resolvable from zero for either ensemble, as shown in Fig. 8 . Taking the size of the uncertainties at t = 7 as a bound on the size of the unrenormalised c
, it is apparent that c
. This suppression is a natural consequence of the large N c scaling of I = J operators [64] [65] [66] [67] [68] and the somewhat unnatural loosely-bound structure of the deuteron [69] . 
V. LOWEST MOMENT OF GLUON TRANSVERSITY IN THE DEUTERON
The gluon transversity distribution is a direct measure of non-nucleonic gluon degrees of freedom in nuclei with spin J ≥ 1 [16] . For this reason, it is a key target for several experimental programs [23, 28] , and a prediction of its magnitude in a light nucleus such as the deuteron would be very valuable in informing the design requirements of a potential EIC [23] . The deuteron matrix elements of the n = 2 gluon transversity operator defined in Eq. (8) have been computed using the same procedure described above for the spin-independent gluon operator. At the current level of statistical precision a non-zero signal is observed in calculations with m π ∼ 806 MeV, while no signal can be resolved at m π ∼ 450 MeV. Fits to the relevant ratios of three and two-point functions, averaged over operators in the τ (2) 1 irreducible representation and for different momenta with appropriate factors as in Eq. (9) , are shown in Fig. 9 . The clear signal observed at m π ∼ 806 MeV, which is statistically non-zero to three standard deviations, represents the first evidence for non-nucleonic gluon contributions to nuclear structure, albeit at a larger-than-physical value of the light quark mass.
The unrenormalised result for the reduced matrix element of the n = 2 gluon transversity operator at m π ∼ 806 MeV, defined in Eq. (9), is a This form is justified after t = 3 where the deuteron two-point function is consistent with a twoexponential form (see Fig. 2 ). Nevertheless, because of the degradation of the signal for this matrix element at sink times greater than t ∼ 6 lattice units, necessitating a short fit window, the quoted bare result may still suffer from contamination from excited states that is not fully quantified. This number can be compared with the unrenormalised result for the gluon momentum fraction in the deuteron, subject to these caveats and under the assumption that the multiplicative renormalisation of the two operators is similar. At m π ∼ 806 MeV, the bare result is x
, giving a ratio of the transversity to spin-independent gluon structure quantities that is approximately an order of magnitude smaller than seen in previous studies of the φ meson [44, 45] at m π ∼ 450 MeV (again, subject to assumptions about renormalisation effects cancelling in this ratio). This scaling is consistent with expectations from large-N c , which predicts an additional suppression of 1/N 2 c of the transversity operator relative to the spin-independent operator in the deuteron [64] [65] [66] [67] [68] as compared to the ratio in a typical compact spin-1 hadron such as the φ meson. Given the statistical scaling of the correlation functions at m π ∼ 450 MeV, illustrated in Fig. 7 , a factor of 5-10 improvement in statistics will be necessary to resolve the first moment of the gluon transversity structure function on this ensemble, if the magnitude of this quantity is of the same order at m π ∼ 450 MeV and m π ∼ 806 MeV. As discussed in the previous section, future calculations at that scale will also allow a few-percent determination of the proton and nuclear momentum fractions at this value of the pion masses, and resolve the gluon EMC effect if it has a similar size at m π ∼ 450 MeV as predicted from phenomenology.
VI. DISCUSSION
Since gluons do not carry electric charge, their distributions in hadrons and nuclei are considerably more difficult to probe than the corresponding quark distributions. Achieving a better understanding of this gluon structure is the mission driving a number of proposed experimental programs including the planned EIC, which will have the ability to measure gluonic properties of nuclei with unprecedented precision. In particular, an analogue of the EMC effect for gluons, in which the distributions of gluons in a nucleus differ from the sum of the gluon distributions in the constituent protons and neutrons, has not been observed but would be a milestone discovery of the EIC.
The present study demonstrates that QCD predictions for gluonic structure quantities in nuclei can be obtained using LQCD. While no signal is seen for the first Mellin moment of the difference between the j x = ±1 and j z = 0 deuteron states, the unpolarised gluon longitudinal momentum fraction has been calculated in the nucleon and in light nuclei with A ≤ 2 with 10% uncertainties at quark masses corresponding to m π ∼ 450 and 806 MeV, and A = 3 with 25% uncertainty for m π ∼ 806 MeV. The gluon momentum fractions in the spin-averaged nuclei are broadly consistent with that in the nucleon, indicating that a gluonic EMC-like effect in this quantity is smaller than these bounds. With an order of magnitude more statistics, these calculations could discern a few-percent level effect in this quantity, as suggested by phenomenology. Higher moments of gluon distributions and other partonic quantities will also be able to be resolved at these statistics.
With lighter values of the quark masses, these calculations will be able to be extrapolated to the physical quark masses using effective field theory, see Refs. [70] [71] [72] . Such future LQCD studies with fully-controlled uncertainties will be influential in the development and planning of the EIC by providing a precision target for this key quantity.
The first moment of the gluonic transversity distribution in the deuteron has also been investigated. This quantity is particularly interesting since it is a clean measure of gluonic degrees of freedom, safe from leading-twist mixing with quark distributions. Moreover, in nuclei with spin J ≥ 1, it has been recognised [16] that the corresponding structure function is sensitive to 'exotic gluons' as neither nucleons nor pions inside a nucleus (nor anything with spin less than one) can transfer two units of helicity to the nuclear target. A clear signal for the gluonic transversity was observed at m π ∼ 806 MeV. The value indicates a suppression of this quantity relative to the momentum fraction that is a factor of 5-10 more severe than observed in LQCD calculations of the same distributions in a φ meson [44, 45] , as predicted by large-N c [64] [65] [66] [67] [68] . Future calculations of this quantity at lighter values of the pion mass will allow this result to be extrapolated to the physical point and will provide important information guiding design requirements for experiments at Jefferson Lab [28] and the EIC that seek to perform first measurements of non-nucleonic gluons in nuclei.
